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Summary
Extracellular acidification accompanies neoplastic transfor-
mation of tissues and increases with tumor aggressiveness
[1, 2]. The intracellular signaling cascade triggered by this
process remains poorly understood andmay be linked to re-
cently discovered proton-activatedGprotein-coupled recep-
tors such as OGR1 andG2A [3, 4]. Here, we report that OGR1
and G2A are expressed in human medulloblastoma tissue
and its corresponding neuronal cell line.We show that extra-
cellular acidification activates phospholipase C, IP3 forma-
tion, and subsequent Ca2+ release from thapsigargin-sensi-
tive stores in neurons. The number of responsive cells and
the amount ofCa2+ released fromstores correlated positively
with the extent of extracellular acidification. Ca2+ release
recruited the MEK/ERK pathway, providing a mechanistic
explanation for how acidification stimulates cell growth. In
addition, acidificationactivatedCa2+-permeable ionchannels
through a mechanism dependent on phospholipase C but
independent of store depletion or a cytoplasmic Ca2+ rise.
Hence, extracellular acidification, to levels seen in tumor
tissue, activates temporally and spatially distinct pathways
that elevate Ca2+ and may be directly relevant for tumor cell
biology.
Results and Discussion
A novel class of G protein-coupled receptor (including OGR1
and G2A) has been discovered that responds to extracellular
acidification by releasing Ca2+ from intracellular stores [3, 4].
Reverse transcriptase-polymerase chain reaction (RT-PCR)
experiments from a human cerebellar granule cell tumor
(medulloblastoma) cell line (DAOY) with primers specific for
OGR1 and G2A revealed the presence of both of these recep-
tors (Figure 1A; it should be noted that a role for G2A as proton
sensor is under debate [4]). Moreover, by using nine distinct
samples of primary human medulloblastoma tissue, we found
that all samples showed high levels of expression of the
*Correspondence: maike.glitsch@dpag.ox.ac.ukreceptors (Figure 1A and data not shown). Hence, OGR1 and
G2A expression is found in both cultured cerebellar tumor cells
and native cerebellar tumor tissue.
These receptors are functionally active because extracellu-
lar acidification to pH 6, a level commonly seen in tumors [5],
evoked a Ca2+ signal when cells were bathed in Ca2+-free
solution, indicating Ca2+ release from intracellular stores (Fig-
ure 1B). We were interested to see how extracellular acidifica-
tion led to Ca2+ release. Evidence that this included activation
of phospholipase C was provided from experiments in which
DAOY cells were exposed to the phospholipase C inhibitor
U73122 (Figure 1C, solid line). In the presence of U73122,
extracellular acidification did not trigger Ca2+ release from
stores. Exposure of cells to the inactive U73122 analog
U73343 had no effect at all (Figure 1C, dotted line). Extracellu-
lar acidification gave rise to a rapid increase in IP3 levels (Fig-
ure 2E), demonstrating that the pH-sensing receptor couples
to Ca2+ release from intracellular stores via phospholipase
C activation and subsequent IP3 production. To confirm this,
we preincubated cells with the IP3 receptor blocker 2-APB
(between 60 and 80 min incubation time) and found that the
increase in intracellular Ca2+ concentration was significantly
reduced in the presence of 2-APB (p < 0.0001, unpaired Stu-
dent’s t test; Figure 1D). We also preincubated cells with the
sarcoplasmic and endoplasmic reticulum calcium ATPase
(SERCA) pump blocker thapsigargin, which depletes intracel-
lular IP3-sensitive Ca
2+ stores. Extracellular acidification now
failed to induce Ca2+ release from stores in 18 out of 22 cells
(Figure 1E). In the four responding cells, the pH-induced
Ca2+ response was significantly smaller than that observed
in control cells (Figure 1F). Preincubation of cells with ryano-
dine failed to affect the response to extracellular acidification
(Figures 1E and 1F).
To determine the extracellular pH range over which the
receptor was activated, we varied external pH from 6 to 7.35
and simultaneously measured the Ca2+ response. The number
of responding cells decreased as extracellular pH increased
(Figure 2A), and the lower the external pH, the bigger the
Ca2+ release from intracellular stores (Figure 2B). Over the
pH range measured, the half-maximal response was seen at
pH 7.17 (Figure 2B).
Changes in extracellular pH may affect intracellular pH [6].
We therefore designed experiments to investigate the effect
of extracellular acidification on intracellular pH. As shown in
Figure 2C, we found a positive correlation between extra-
and intracellular acidification. This acidification was still seen
after preincubation of cells in the phospholipase C blocker
U73122, demonstrating that it was not a consequence of re-
placement of bound protons by Ca2+ ions after Ca2+ release
from stores, which could lead to an increase in intracellular
free H+ concentration and hence a decrease in pH (data not
shown). To see whether intracellular acidification contributed
to Ca2+ release from intracellular stores, we applied to the ex-
tracellular solution sodium acetate (NaAc), which decreases
the intracellular pH without affecting extracellular pH [6]. IP3
levels were measured in resting cells (pH 7.35) and then after
exposure to either extracellular pH 6 or 25 mM NaAc (pH
7.35); the latter procedure led to acidification of intracellular
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782Figure 1. Extracellular Acidification Triggers Ca2+ Release from Thapsigar-
gin-Sensitive Ca2+ Stores via a Phospholipase C-Sensitive Pathway in
DAOY Cells
(A) RT-PCR results from human brain (HB, positive control), DAOY cells
(DAOY), and human medulloblastoma tissue (MB) with primers specific for
OGR1 (top) and G2A (bottom); N is negative control. Sequencing confirmed
the identity of PCR products.
(B) Application of pH 6 in absence of extracellular Ca2+ (arrow) gave rise
to different patterns of intracellular Ca2+ signals in DAOY cells. Increase in
cytoslic Ca2+ was measured as increase in DF356/F380 and was converted
to Ca2+ concentrations. Experiments were done in presence of 0.2 mM
ethylene glycol tetraacetic acid (EGTA).
(C) Preincubation of cells with phospholipase C inhibitor U73122 (5 mM; solid
line) for 83.8 6 5 min or with inactive analog U73343 (5 mM ; dotted line; for
86.25 6 6.6 min). Drugs were present throughout the experiment, and all
experiments were done in absence of external Ca2+ (0.2 mM EGTA). Arrows
indicate switch to pH 6 solution.
(D) Graphs plot increase in intracellular Ca2+ concentration in presence (gray
circles) and absence (black circles) of 30 mM 2-APB; experiments in absence
of 2-APB were conducted in equivalent concentration of dimethyl sulfoxide
(DMSO) (0.1%). Data are represented as mean6 standard error of the mean
(SEM; n = 16 for DMSO control and 14 for 2-APB); SEM is only given for every
second point for clarity.
(E) Bars show percentage of cells responding to application of pH 6 with
Ca2+ release from stores. The black bar indicates control cells, the left white
bar thapsigargin-pretreated cells (1–2 mM Thapsigargin for 69.16 14.7 min),
and the middle white bar ryanodine-pretreated cells (10 mM ryanodine for
41.8 6 6.6 min). Experiments were performed in absence of external Ca2+
(0.2 mM EGTA). Data are represented as mean 6 SEM.
(F) Bars show percent increase in basal Ca2+ in responding cells. The black
bar indicates control cells (n = 19), the left white bar thapsigargin-pretreated
cells (n = 4), and the middle white bar ryanodine-pretreated cells (n = 29).
Reduction in Ca2+ release after thapsigargin pretreatment was significant
(p < 0.0001; unpaired Student’s t test). Experiments were performed in
absence of external Ca2+ and in presence of 0.2 mM EGTA. Data are repre-
sented as mean 6 SEM.pH to an extent similar to that seen with extracellular pH 6
(Figure 2D). Despite this, acetate failed to increase IP3; on
the other hand, pH 6 triggered robust IP3 production (20 s ex-
posure to either pH 6 or NaAc; Figure 2E), which was transient
in nature because we did not observe any significant increase
in IP3 levels after 50 s exposure to pH 6 (p = 0.9084). We also
carried out experiments in which we simultaneously recorded
intracellular pH and cytoplasmic Ca2+ release from stores and
found that Ca2+ release preceded intracellular acidification
after application of pH 6 solution (Figure 2F), ruling out a de-
crease in intracellular pH as the cause of Ca2+ release.
The MAP kinase/ERK pathway is an important regulator of
cell proliferation as well as differentiation and apoptosis
[7, 8]. Aberrant activation of this pathway is thought to be in-
volved in the formation of tumors [9–11], including medullo-
blastomas [12]. ERK is activated after a dual phosphorylation
by the upstream kinase MEK. Because extracellular acidifica-
tion is seen as a key factor contributing to tumor growth and
invasiveness [1, 2, 13], we examined whether extracellular
acidification led to ERK phosphorylation and hence its activa-
tion in DAOY cells. Compared with resting cells, extracellular
acidification (in 0 mM external Ca2+) led to robust ERK phos-
phorylation (Figure 3), which was blocked by PD98059, an in-
hibitor of the upstream ERK activator MEK. ERK phosphoryla-
tion was driven by the pH-dependent Ca2+ release because it
was suppressed by pretreating cells with BAPTA-AM (Fig-
ure 3). Interestingly, similar levels of ERK phosphorylation after
extracellular acidification were observed in the presence of
2 mM external Ca2+ (p = 0.4762). Hence, extracellular pH acid-
ification activates the MEK/ERK pathway in a manner depen-
dent on Ca2+ release from stores but not Ca2+ influx.
Changes in membrane potential have been shown to be
crucial for regulation and progression of the cell cycle [14–16].
Extracellular acidification can affect the membrane potential by
activation of acid-sensing ion channels (ASICs), which are pro-
ton-gated ion channels with high Na+ permeability [17, 18]. We
considered the possibility that the pH-sensing receptor might
activate additional types of ion channels because G protein-cou-
pled receptors can regulate channels in a variety of ways, includ-
ing through G protein subunits [19, 20], DAG (as with canonical
transient receptor potential [TRPC] channels [21, 22]), Ca2+ re-
lease from intracellular stores, or store-operated channels [23].
Figure 4A (bottom panel) shows that in DAOY cells, extracel-
lular acidification gave rise to a fast, transient inward current
that was followed by a small outward current and a sustained
inward current. The latter current was accompanied by a sus-
tained elevation in intracellular Ca2+ concentration (top panel;
see also Figure S2A available online). Table S1 summarizes the
effects of extracellular acidification on membrane currents in
DAOY cells. Seventeen out of 18 cells displayed the sustained
inward current and 12 out of 18 cells the outward current.
The fast inward current was also seen in 12 out of 18 cells.
This variability might reflect cell-cycle-dependent expression
of ion channels [14, 15]. The conductances were dependent
entirely on changes in extracellular pH because application
of 25 mM NaAc, which triggers intracellular acidification to
an extent equivalent to that seen with external pH 6 (Figure 4B),
did not give rise to any membrane currents (n = 7).
The properties of the initial transient inward current were
consistent with activation of ASICs because it developed
quickly after changing extracellular pH, rapidly inactivated,
and had a positive reversal potential [17, 18]. Because it was
very transient (less than 10 s) and not present in all cells, we
did not further analyze this conductance.
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ing solutions and holding potential of 250mV, the outward
current could be due to either an influx of Cl2 or an efflux of
Figure 2. Dependence of Ca2+ Release from Intracellular Ca2+ Stores on
Extracellular Acidification
(A) Panel plots percentage cells responding to a decrease in extracellular pH
with Ca2+ release from stores for different external pH values. Experiments
were performed in the absence of extracellular Ca2+.
(B) Graph plots increase in cytosolic Ca2+ levels against extracellular pH
value for responding cells (data from two to 54 cells per point, depending
on extracellular pH). Experiments were performed in the absence of extra-
cellular Ca2+. Data were fitted with a Hill-type equation with the data analysis
program Igor Pro (Wavemetric, Oregon), yielding a half-maximal activation
of Ca2+ release at pH 7.17. This was the best fit, but we do not wish to imply
a mechanism. Data are represented as mean 6 SEM.
(C) Plot showing the linear dependence of steady-state intracellular pH
versus extracellular pH. Data are from five to 17 cells per data point and
are represented as mean 6 SEM.
(D) Time course of intracellular pH (calibrated from carboxy-SNARF-1 fluo-
rescence) during extracellular acidification (pH 6; black trace; n = 18) or
25 mM sodium acetate (NaAc) solution (at pH 7.35; gray trace; n = 12).
The time constant of intracellular pH fall was 20.6 6 1.35 s for NaAc and
79.4 6 0.3 s for pH 6 (p < 0.0001, unpaired Student’s t test).
(E) Panel depicts normalized (norm.) IP3 level under control (pH 7.35) and
test (pH 6, white bar, or 25 mM NaAc, gray bar; 20 s exposure time) condi-
tions; values were normalized to average control levels. All experiments
were performed in the absence of extracellular Ca2+ and Mg2+. The increase
in IP3 levels was significant for external pH 6 (p = 0.0085; unpaired Student’s
t test) for 20 s exposure; there was no significant increase in IP3 levels after
50 s exposure to pH 6 (data not shown). Data are represented as mean 6
SEM.
(F) Time course (n = 8) of simultaneously measured intracellular pH (pHi, cali-
brated, top panel) and intracellular Ca2+ ([Ca2+]i; expressed as percentage of
basal Ca2+; bottom panel) during extracellular acidification to pH 6.K+ ions. We therefore carried out ion-substitution experiments
in which we lowered the external Cl2 concentration from 155.8
to 10.8 mM. A prominent outward current was still observed,
suggesting that it was independent of Cl2movement and likely
reflected a K+ outward current (Figure S2B). Consistent with
this, we measured a smaller outward current with Cs+ in the
patch pipette (145 mM CsCl; data not shown).
The reversal potential of the slow inward current was
positive (Figure 4C), on average reversing at +32mV 6 5mV
(n = 8). Figure 4A also shows that the fluorescent Ca2+ signal
mirrors the inward current, suggesting that there was signifi-
cant Ca2+ influx during the inward current. Consistent with
this, we found that the increase in intracellular Ca2+ concentra-
tion after extracellular acidification was significantly larger in
the presence of external Ca2+ than in its absence, suggesting
that activation of the pH-sensing receptors triggers Ca2+ influx
(Figure S2C; increase in intracellular Ca2+ concentration in
presence of 2 mM external Ca2+: 54.9% 6 2.2%; n = 44;
increase in intracellular Ca2+ concentration in absence of
external Ca2+: 44.3% 6 2.3%; n = 42; p = 0.0014, unpaired
Student’s t test).
Because activation of the pH sensor led to Ca2+ release from
intracellular stores, we designed experiments to see whether
the acid-induced current was Ca2+ activated. Dialysis with
20 mM 1,2-Bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic
acid (BAPTA), which consistently prevented extracellular pH-
induced increases in intracellular Ca2+ concentration, failed
to prevent activation of the acid-induced currents (Figure 4D
and Figure S2D).
We next tested the effect of phospholipase C blocking,
which should prevent the activation of store-operated and
TRPC channels. After cells were preincubated with U73122
(which blocked the phospholipase C-induced Ca2+ release
from stores, upper trace), external acidification did not give
rise to the sustained inward current, whereas the outward cur-
rent could still be observed (Figure 4E). Similar results were
seen in three more cells, suggesting that blocking of PLC pre-
vented activation of the sustained inward current. Collectively,
extracellular acidification activated a Ca2+-permeable ion
channel in a manner absolutely dependent on phospholipase
Figure 3. Extracellular Acidification Triggers ERK Phosphorylation
Western blot showing phosphorylation of ERK (ERKp) and total ERK protein
(ERK2) under control and test conditions. Medium and pH 7.35 and 0Ca2+
(with 0.2 mM EGTA) solution did not induce ERK phosphorylation per se (la-
beled as Ctl and 0Ca pH 7.35, respectively). After exposure to pH 6 and
0Ca2+ solution (0.2 mM EGTA) for 3 min, there was a clear increase in ERK
phosphorylation (0Ca pH 6.0). This increase was not seen when cells were
preincubated in 20 mM BAPTA-AM for 50 min (BAPTA; this protocol was
shown to prevent acid-induced Ca2+ release from intracellular Ca2+ stores;
n = 5; data not shown) or when the MEK kinase, which phosphorylates ERK,
was blocked by preincubation of cells for 25 min in 50 mM of the MEK kinase
blocker PD98059 (PD) prior to application of pH 6 and 0Ca2+ solution for
3 min. Preincubation of DAOY cells with 50 mM PD98059 for 20–60 min
had no effect on the ability of the pH-sensing receptor to trigger Ca2+ release
from intracellular Ca2+ stores after exposure to pH 6 and 0Ca2+ solution
(n = 9 cells; data not shown).
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Conductances, Including TRPC Channels
Cells were clamped at 250mV (near their resting potential of 251.6mV 6
6mV; n = 11). External solution always contained 2 mM Ca2+. Changes in
intracellular Ca2+ concentration were monitored with Fura-2. An increase
in cytosolic Ca2+ was seen in 16 out of 18 cells; there was no difference
in the extent of the increase in Ca2+ during patch-clamp experiments
compared to imaging experiments only (data not shown).
(A) Experiment performed with standard intracellular solution containing
30 mM HEPES in one representative cell. The upper trace depicts increase
in intracellular Ca2+ concentration, and the bottom trace depicts the change
in holding current upon external acidification (arrow). On average, the initial
transient inward current peaked after 4.2 6 0.6 s (n = 12), the outward cur-
rent after 326 4.7 s (n = 12), and the sustained inward current after 102.96
12.1 s (n = 17).
(B) As in (A), but internal solution with only 10 mM HEPES. Instead of pH 6,
25 mM NaAc was applied.
(C) Graph plots current-voltage relationship (290mV to +90mV) for sus-
tained inward current (ramps given before extracellular acidification were
subtracted from ramps obtained during inward current to yield reversal po-
tential of inward current only). Experiments were performed with standard
internal solution.
(D) As in (A), but standard internal solution supplemented with 20 mM
BAPTA to prevent increases in intracellular Ca2+ concentration (upper trace;
see also Figure S2B).
(E) As in (A), but cell had been preincubated in 5 mM U73122 for 35 min prior
to the experiment. Ca2+ measurements (top) show that the incubation time
was sufficient to block PLC-induced Ca2+ release from intracellular stores.
(F) Experiment performed with standard intracellular solution containing
20 mM BAPTA and 30 mM IP3. Recording was started within 5 s of breaking
into the cell. Store depletion via BAPTA and IP3 did not trigger any
membrane conductances. Application of pH 6 and 2Ca2+ solution, however,
resulted in transient inward current with prolonged component.C. We considered that these channels could be either TRPC
channels or store-operated ones. To distinguish between
these possibilities, we dialysed cells with an internal pipette
solution containing 20 mM BAPTA and 30 mM IP3, which should
deplete intracellular stores, thus triggering store-operated
channel opening in the absence of external pH change [24].
Figure 4F shows that up to 5 min after the cell was broken
into, there was no store-operated current (extracellular
pH 7.35). Subsequent extracellular acidification, however,
gave rise to both the fast and sustained inward currents (Fig-
ure 4E; n = 6). Hence, store-operated ion channels do not
appear to be activated after extracellular acidification. Rather,
it seems that the sustained inward current represents a
Ca2+-permeable TRPC channel [25].
In conclusion, we have shown that extracellular acidification
to levels commonly seen in tumors activates intracellular and
plasmalemmal Ca2+ channels, evoking spatially and tempo-
rally distinct Ca2+ signals in a neoplastic neuronal cell line.
Cytosolic rises in Ca2+ can activate distinct processes even
in one given cell, depending on where they occur [26]; hence,
the activation of two distinct pathways is significant.
Acidification activated IP3 receptors and Ca
2+ release from
intracellular stores. This recruited the MEK/ERK pathway, pro-
viding a mechanistic model whereby extracellular acidification
may affect cell growth and proliferation. In addition, acidifica-
tion also activated a Ca2+-permeable nonselective current
likely to represent TRPC channels in a manner dependent on
phospholipase C activity but independent of Ca2+ release or
store depletion.
In this regard, it is particularly noteworthy that we observed
strong expression of G protein coupled pH sensors in primary
human tissue from patients with medulloblastoma, a particu-
larly aggressive type of brain tumor. Extracellular acidification
is thought to contribute to the progression from benign to
malignant growth [1], and those cells capable of tolerating an
acidic environment will be able to survive acidification of the
microenvironment generally seen in tumor tissue and hence
have a proliferative advantage over nontolerant cells, to which
this environment is toxic [2]. Our results therefore provide new
insight into how acidification can alter neuronal cell function
and activate a cellular pathway relevant for tumor pathogenesis
with potential therapeutic implications.
Supplemental Data
Additional Results and Discussion, Experimental Procedures, two figures,
and one table are available at http://www.current-biology.com/cgi/content/
full/18/10/781/DC1/.
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